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device  applications.  The  substrate  was  subsequently  annealed  in  a  rapid  thermal  annealer  to  a  maximum 
temperature  of  1700  °C.  Measurements  included  Rutherford  backscattering  spectroscopy  (RBS),  x-ray 
diffraction  (XRD),  optical  absorption,  and  electrical  measurements  (I-V  and  C-V).  Earlier  research  with  Ge 
implanted  4FI-SiC  demonstrated  the  ability  to  implant  Ge  atoms  substitutionally  into  the  SiC  lattice  with 
thermal  stability  of  the  SiC:Ge  thin  layer  to  1000  °C.  These  earlier  layers  contained  1 .4%  Ge  and  they  had  an 
increased  lattice  constant  compared  to  the  original  4H-SiC.’  The  research  reported  here  provides  new  data  with 
evidence  of  thermally  stable  implanted  SiC:Ge  having  increased  lattice  constants  and  lower  forward  voltage 
drops  in  the  devices,  compared  to  unalloyed  SiC. 

The  RBS  data  was  obtained  with  a  2  MeV  He+  ion  accelerator.  This  was  used  for  both  the  SiC  and  the 
SiC:Ge  regions  of  the  substrate.  The  data  was  compared  to  theoretical  calculations  using  the  Rutherford 
universal  manipulation  program  (RUMP).  We  found  that  the  RBS  data  for  the  SiC:Ge  layer  (Fig.  1),  indicates 
regions  attributed  to  the  underlying  SiC  substrate,  the  SiC:Ge  surface  layer,  and  a  thin  region  of  Ti  metallization 
on  the  surface.  The  RUMP  simulations  yield  a  SiC:Ge  layer  thickness  of  2700  A  with  a  total  peak 
concentration  of  1 .6%  Ge  atoms  in  the  layer. 
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Figure  1 .  RBS  data  from  the  SiC:Ge  layer  showing  evidence  of  C,  Si,  and  Ge  profiles. 


X-ray  diffraction  was  used  to  characterize  the  SiC:Ge  crystalline  structure  including  the  Ge 
concentration  and  the  SiC:Ge  lattice  spacing  relative  to  that  of  the  SiC  substrate.  Measurements  were 
performed  on  a  Philips  X-pert  diffractometer  utilizing  the  CuKa  wavelength  in  the  symmetrical  Bragg 
configuration  at  low  resolution.  The  results  of  the  XRD  measurements  for  the  SiC  substrate  compared  to  that  of 
the  SiC:Ge  region  are  given  in  Fig.  2.  The  XRD  data  for  the  4H  SiC  substrate  is  typical  of  that  observed  in 
previous  studies  with  a  sharp  peak  at  about  35.7  degrees,  which  corresponds  to  the  0004  plane.  The  Ge 
implanted  SiC  sample  has  a  contribution  that  is  centered  around  35.2  degrees,  which  indicates  an  increase  in  the 
SiC  lattice  constant  and  is  attributable  to  the  substitutional  Ge.  Samples  were  implanted  with  varying  amounts 


of.Ge  doses  for  the  purpose  of  determining  the  relative  X-ray  diffraction  measurements  as  a  function  of  Ge 
content.  The  three  curves  in  Fig.  3  represent  Ge  ion  implantation  doses  of,  1  x  10+15  cm-2  (sample  d),  2  x 
10+16  cm-2  (sample  c),  and  8  x  10+16  cm-2  (sample  e).  Compared  to  the  unimplanted  SiC,  samples  c,  d.  and 
e.  have  an  increasing  amount  of  X-ray  intensity  near  35.2  degrees,  resulting  in  a  distorted  or  asymmetrical 
“shifting”  of  intensity  toward  slightly  lower  Bragg  angles.  The  largest  secondary  peak  is  from  sample  e,  which 
had  the  highest  Ge  dose  during  implantation.  The  X-ray  intensity  for  Bragg  angles  just  greater  than  the  4H  SiC 
peak  at  35.5  degrees  increased  monotonically  with  the  Ge  implantation  dose.  This  increase,  however,  is 
attributed  to  lattice  damage  from  the  implantation  process.  More  data  will  be  required  to  understand  the  effects 
of  implant  damage,  however. 


Figure  2.  X-ray  diffraction  data  from  SiC  and  Ge  implanted  SiC  substrates.  The  data  from  the  SiC:Ge  sample 
is  observed  to  have  a  Bragg  reflection  peak  centered  near  35.2  degrees,  while  the  0004  plane  of  the  SiC 
substrate  is  evident  near  35.5  degrees. 


Figure  3.  X-ray  diffraction  data  of  three  samples  of  SiC  with  varying  amounts  of  Ge  doses  during  implantation. 


Metal  contacts  were  formed  on  the  SiC/SiC  :Ge  wafer  by  e-beam  evaporation  of  Ti/Au  directly  onto  the 
front  and  backside  with  an  evaporation  chamber  pressure  of  approximately  1x10-7  Torr.  The  contacts  were 
subsequently  annealed  in  a  rapid  thermal  annealer  (RTA)  to  800°C  in  forming  gas.  Devices  were  formed 
having  circle  top  contacts  with  the  backside  of  the  sample  as  a  large  area  back  contact.  The  current-voltage  (I- 
V)  measurements  were  performed  using  a  Hewlett  Packard  4156B  Parameter  Analyzer.  I-V  data  was  taken 


before  and  after  contact  annealing  were  compared.  Eig.  4  shows  the  I-V  data  of  the  four  regions  of  the  wafer 
before  contact  anneals.  Note  the  highly  symmetric  I-V  for  the  SiC  case,  as  expected  for  a  homogeneous  bulk 
SiC  layer.  For  the  other  three  cases,  asymmetry  implies  some  rectification  and/or  diode  action  as  expected  with 
implant/doping.  Fig.  5  shows  the  I-V  data  after  annealing  of  the  same  four  regions  as  in  Fig.  4.  In  all  sections 
the  total  current  increased  after  annealing  especially  for  the  section  implanted  with  just  Ge  (section  2).  The 
presence  of  Ge  and  the  dopant  N  yielded  much  higher  currents  than  for  the  unimplanted  diodes.  Breakdown 
voltages  (not  shown)  for  the  diodes  exceeded  the  range  of  the  instrument  (-50  V). 


Figure  4.  Electrical  (I-V)  measurements  of  SiC,  n-type  SiC,  SiC.Ge,  and  n-type  SiC:Ge,  prior  to  thermal 
annealing  of  the  metal  contacts. 
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Figure  5.  Electrical  (I-V)  measurements  of  SiC,  n-type  SiC,  SiC:Ge,  and  n-type  SiC:Ge,  after  thermal 
annealing  of  the  metal  contacts. 


Capacitance-Voltage  measurements  were  performed  on  the  heterostructure  diodes  to  extract  the  built-in 
voltage,  Obi.  Plots  of  1/C2  versus  voltage  are  shown  in  Fig.  6.  The  incorporation  of  the  dopant  N  increases  Obi, 
as  one  would  expect  from  the  difference  in  EF  between  the  two  layers.  The  incorporation  of  Ge  decreases  Obj, 
as  expected,  since  the  bandgap  of  Ge  (0.66  eV)  is  much  smaller  than  4H  SiC  (3.2  eV).  The  addition  of  just  Ge 
to  SiC  caused  a  40  mV  decrease  in  the  built-in  voltage,  which  is  in  reasonable  agreement  with  optical 
absorption  spectroscopy  measurements  that  were  taken. 
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Figure  6.  Capacitance-Voltage  measurements  made  of  SiC,  n-type  SiC,  SiC:Ge,  and  n-type  SiC:Ge  showing 
varying  built  in  voltages  and  a  minimum  value  of  built  in  voltage  for  the  SiC:Ge  sample. 


Electrical  contact  experiments  were  carried  out  to  determine  how  Ge  affects  the  electrical  contacts  for  a 
p-type  SiC  wafer,  the  affect  of  Ge  implantation  the  properties  of  the  electrical  contacts  for  a  p-type  SiC  wafer. 
Other  researchers  have  demonstrated  the  ability  to  develop  reliable  electrical  contacts  with  CrB  alloys  on  p-type 
SiC  wafers.  Our  approach  was  to  evaporate  a  thin  layer  of  Cr  followed  by  a  thicker  layer  of  Ni  onto  both  a  SiC 
wafer  (p-type  without  Ge),  as  a  reference,  and  a  Ge  implanted  wafer  for  comparing  the  experimental  I-V  data 
between  the  two.  The  preliminary  measurements  of  both  structures  in  Fig.  7  show  the  “as  deposited”  I-V  data 
of  both  samples  prior  to  thermal  annealing.  The  electrical  contacts  of  both  samples  were  fabricated  by  thermal 
evaporation  with  a  pressure  of  approximately  1x10-7  Torr  by  first  depositing  a  thin  500  A  layer  of  Cr  and  then 
1000  A  of  Ni.  The  I-V  data  were  taken  with  a  Cascade  DC  probe  station  and  a  HP  41 56B  Semiconductor 
Parameter  Analyzer.  The  data  for  the  SiC  and  the  SiC:Ge  sample  are  greatly  different.  For  the  SiC:Ge  sample 
the  current  voltage  relation  is  linear,  whereas  the  I-V  characteristic  of  the  SiC  contact  is  nonlinear  and  suggests 
a  rectifying  semiconductor  junction  having  a  breakdown  voltage  of  approximately  4.2  volts.  The  contact 
resistance  of  the  metallization  on  the  SiC:Ge  wafer  is  lower  than  that  of  the  SiC  contact  resistance  with  the 
same  metallization  structure,  as  noted  by  the  current  which  is  two  orders  of  magnitude  larger  compared  to  that 
of  the  SiC  measurement.  The  SiC:Ge  sample  is  p-type  with  A1  to  3  x  10+l8  cm-3  and  implanted  with  a  Ge  dose 
of  8  x  10+16  cm-2.  Further  experiments  including  RBS  will  be  needed  to  characterize  the  effects  of  Ge 
implantation  on  the  quality  of  unannealed  electrical  contacts  made  from  CrNi  on  p-type  SiC. 
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Figure  7.  Electrical  (I-V)  data  of  SiC  and  SiC:Ge  metal  contacts  fabricated  from  Cr/Ni  which  show  an  Ohmic 
contact  for  the  SiC:Ge  case  and  a  rectifying  contact  for  the  SiC  case. 


The  effect  of  Ge  ion  implantation  on  the  physical  properties  of  silicon  carbide  substrates  has  been 
investigated  experimentally  to  determine  possible  utilization  of  the  material  in  heterostructure  electronic  device 
applications.  The  results  of  the  study  of  a  p-type  4H  SiC  substrate  implanted  with  Ge  from  a  300  KeV  ion  beam 
indicate  the  formation  of  thin  layers  of  SiC:Ge  with  approximately  2%  Ge  concentration.  Annealing 
experiments  up  to  1 700  °C  showed  that  the  270  nm  layer  has  a  lattice  constant  that  is  larger  than  the  SiC 
substrate  used  in  the  study.  The  X-ray  diffraction  data  of  the  SiC:Ge  layer  resulted  in  an  significant  X-ray  peak 
near  35.2  degrees  compared  to  the  SiC  0004  peak  at  35.7  degrees,  which  implies  a  Ge  content  of  2.37%  when 
Vegard’s  linear  law  is  assumed.  This  data  is  in  reasonable  agreement  with  RUMP  predictions  of  1.6%  Ge  that 
was  fitted  to  experimental  RBS  data  of  the  SiCGe  sample.  I-V  measurements  have  shown  that  heterojunction 
SiC/SiC:Ge  devices  have  a  lower  forward  voltage  drop  to  either  SiC  or  N-doped  SiC  devices.  C-V  data 
indicates  a  lowering  of  the  built  in  voltage  by  40  meV  for  Ge  implanted  SiC.  Finally,  Cr/Ni  electrical  contacts 
have  been  fabricated  onto  Ge  implanted  SiC  substrates  and  they  have  been  observed  to  achieve  Ohmic  contact 
characteristics  with  linear,  non-rectifying  behavior  when  evaporated  directly  onto  the  SiC:Ge  layers  and  prior  to 
annealing. 
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